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A brief outlook on low-energy nuclear physics is presented. Selected 
recent developments in nuclear structure theory are highlighted and a few 
open questions are discussed. 
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1. Introduction 

Recently released decadal study report from the U.S. National Academy 
of Sciences, Nuclear Physics: Exploring the Heart of Matter [1] has identified 
four overarching questions for nuclear physics: 

• How does subatomic matter organize itself and what phenomena emerge? 

• Are the fundamental interactions that are basic to the structure of 
matter fully understood? 

• How did visible matter come into being and how does it evolve? 

• How can knowledge and technological progress provided by nuclear 
physics best be used to benefit society? 

These are challenging goals, but they represent a very special opportunity 
for nuclear physics. The nuclear physics community worldwide is making 
continuous progress towards the fulfillment of these goals. In these con- 
ference proceedings, it is impossible to cover even a fraction of this effort. 
I will restrict myself to highlighting selected recent developments in low- 
energy nuclear theory and discuss only a few of the open questions. 
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2. Selected recent developments 

2.1. Nuclear Structure theory 

Major advances in computational capabilities have pushed the bound- 
aries of what can be calculated by microscopic ab initio methods. One 
example is the so-called Hoyle state. The 7.65 MeV + excited state in 12 C 
is crucial for the formation of the carbon in the Universe. Recently several 
authors succeeded to build this state from scratch. Epelbaum, et al. was 
able to carry out an ab initio calculation of the low-lying states of carbon-12 
using supercomputer lattice simulations within the framework of effective 
field theory [2]. This state appears to have a bent-arm alpha-clustering na- 
ture. The Argonne group calculated the same state using Green's function 
Monte Carlo techniques PJ. 

Another example is provided by recent work on 14 C. The very long 
lifetime of 14 C as compared to other light nuclei has been an outstanding 
puzzle. Other light nuclei undergo beta decays with half-lives less than one 
day, but 14 C has a beta-decay half life of ~ 5,730 years, a fact that has 
enabled carbon-dating. Using the ab initio no-core shell model with the 
Hamiltonian from the chiral effective field theory, Maris et al. found that 
three-nucleon force induces large cancellations reducing the sizable contri- 
butions from the nucleon-nucleon interactions by an order of magnitude [4 J . 
Indeed three-nucleon interactions emerged as the salient ingredient in many 
recent calculations. For example, it was shown that neutron star observa- 
tions can place constraints on the three-body force in neutron matter [5j. 
This is, in part, because the short-range three-neutron interaction deter- 
mines the correlation between neutron matter energy at nuclear saturation 
density and higher densities relevant to neutron stars [6] : Three-body forces 
seem to be crucial for neutron-star physics! Another recent example for the 
role of three-body forces was given in the context of oxygen isotopes. The 
neutron drip line, although evolves regularly from light to medium-mass 
nuclei, shows a striking anomaly in the oxygen isotopes. Repulsive contri- 
butions to the interactions among excess neutrons due to the three-body 
forces resolve this anomaly [7]. Theoretical treatment of the three-nucleon 
force contributions continues to improve [HJ [9] . 

Recently there have also been successful attempts to calculate nuclear 
reactions from first principles. One example is the ab initio no-core shell 
model/resonating group method approach to calculate the cross section of 
the 7 Be(p,7) 8 B reaction. Starting from a selected similarity-transformed 
chiral nucleon-nucleon interaction that accurately describes two-nucleon 
data, Navratil et al. performed many-body calculations that simultane- 
ously predict both the normalization and the shape of the astrophysical 
S-factor jng. 
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Another recent development is the proper inclusion of the tensor force 
in the shell model Hamiltonians. For example, a new p-sd shell model 
Hamiltonian including up to 2-3 hQ excitations can describe the magnetic 
moments and Gamow- Teller (GT) transitions in p-shell nuclei well with a 
small quenching for the spin g-factor and the axial-vector coupling constant 
[11] . This new Hamiltonian significantly improves the description of the 
weak interactions of many nuclei for astrophysical applications. For exam- 
ple it much improves the description of the cross sections for the reaction 
z^ e + 13 C |12| . potentially important for scintillator-based neutrino experi- 
ments. Monopole component of the nucleon-nucleon force is the same in 
nuclear medium and free space, however the monopole effect of the tensor 
force alters the shell structure in a significant way [13j. This is because 
the monopole component of the tensor interaction changes depending on 
whether the nucleon spin is parallel or antiparallel to its orbital angular 
momentum (j = I + s vs. j = I — s). Most of the time the monopole 
component is an average over all possible spin orientations, so the tensor 
component does not contribute for the filled orbits. However, near the Fermi 
surfaces where the spin-orbit force splits the orbits, and the j = £ + s orbit 
fills first altering the mean field. Indeed residual effective force between the 
valence nucleons, beyond that represented by the mean field, is very well 
described by the tensor force [Tl] , 

Clearly much progress took place in nuclear structure theory within the 
last decade. Recent work by Erler, et al. [15J, who recently calculated 
nuclear driplines using density functional theory with several Skyrme inter- 
actions, nicely characterizes this tremendous progress. 

Neutrinoless double beta decay is the most powerful experimental tool to 
explore the Majorana nature of the neutrinos. Understanding nuclear ma- 
trix elements is crucial to be able to fully exploit this tool. Nuclear matrix 
elements for the neutrinoless double beta decay had been calculated using 
several different methods, including QRPA |16j . interacting shell model |17] 
and interacting boson model [18J. The origin of the discrepancies between 
these calculations is being investigated. One of the open problems is de- 
ciding on the value of the axial coupling constant, gA- It is known that 
gA is strongly renormalized in two-neutrino double beta decays. However, 
in most of the calculations of the neutrinoless double beta decay the free- 
nucleon value is used. Since the decay rate is proportional to (gA) 4 , this 
could lead to a sizable effect and needs to be explored further [19]. 

2.2. Subbarrier fusion 

Channel-coupling effects in fusion reactions below the Coulomb barrier is 
well understood |2U| . especially for asymmetric systems. Nevertheless there 
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are several outstanding problems. The surface diffuseness parameter of the 
nuclear potential can be unambiguously determined from the quasi-elastic 
scattering data [21] . However, the value of the surface diffuseness parameter 
needed to fit the subbarrier fusion data is almost twice as much as the value 
determined from quasi-elastic scattering. Recently, subbarrier fusion cross 
sections were measured at energies significantly below the Coulomb barrier 
[221 [231 [25] . It was found that standard couple-channel calculations overes- 
timate the fusion cross sections at deep subbarrier energies. This behavior 
can be explained equally well with two distinct models: either with a re- 
pulsive core leading to a shallow potential pocket [25j or by neck formation 
between colliding nuclei [26]. Since the physics principles behind these two 
models are quite different, the origin of the subbarrier fusion hindrance and 
its connection to the diffusion parameter choice need to explored further. A 
recent summary was given in Ref . [27] . 

3. Physics with rare isotopes 

Currently many major accelerator projects around the world, at different 
stages of construction and operation, aim to explore the physics of exotic 
nuclei. Scientific motivations for pursuing physics with rare isotope beams 
can be categorized under four groups: 

1. Nuclear Astrophysics: Origin of new elements, rare isotopes pow- 
ering stellar explosions, neutron star crust. 

2. Nuclear Structure Physics: Exploring limits of nuclear stability, 
new shapes, and new collective behavior. 

3. Fundamental Symmetries: Use of rare isotopes as laboratories 
where symmetry violations are amplified. 

4. Nuclear Applications: Materials, medical physics, reactors, 

I will briefly explore a few of the recent developments in some of these 
areas. A comprehensive and necessarily much longer list is beyond the scope 
of this contribution. 

3.1. Nuclear Astrophysics 

Understanding how stars shine has been one of the main goals of nuclear 
astrophysics since the seminal work of Hans Bethe. Recent solar neutrino 
measurements helped us to understand the structure our Sun better, how- 
ever many questions remain. CNO neutrinos coming from the Sun are not 
yet measured. Measurement of these neutrinos would not be just a techni- 
cal exercise in identifying rare signals: Recently there has been considerable 
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progress in modeling the Sun, especially its metallicity, namely abundances 
of elements heavier than hydrogen and helium. An improved analysis of the 
solar abundances gives the ratio of this quantity to hydrogen abundance to 
be (Z/X)q = 0.0178 [28], as compared to the previously established value of 
(Z/X)q = 0.0229 |29|. Using these rates and recent reevaluation of the nu- 
clear reaction rates in the Sun [3DJ , new solar model calculations [31] suggest 
that the difference between old and new metallicities is hard to distinguish 
using already measured pp chain neutrino fluxes, however it is quite mani- 
fest in the yet-to-be measured CNO neutrino fluxes. From the experimental 
side of laboratory nuclear astrophysics three reactions stand out for a more 
precise measurement: The 3 He(a,7) 7 Be reaction contributes to the main 
nuclear physics uncertainty for the Sun and the Big-Bang nucleosynthesis. 
The 14 N(p,7) 15 reaction is the dominant reaction for the CNO burning. 
Finally the rate of 12 C(a,7) 16 reaction is the determining quantity for the 
carbon-to-oxygen ratio in the Universe, crucial for the proper development 
of much organic material. 



3.2. r-process nucleosynthesis 

Nuclei at all three r-process peaks are observed [32] . However, the site of 
r-process nucleosynthesis is still an open question. The high-temperature, 
high-entropy region outside the newly-formed neutron star in a core-collapse 
supernova was suggested to be an r-process site [33] . The nuclei with A ~ 
90 - 110 produced by the charged-particle reactions in the neutrino-driven 
winds and the heavier r-process nuclei do not seem to be strongly coupled, 
suggestion the presence of several possible sites [33]. The neutrino-driven 
wind blown from the neutron star drives appreciable mass loss from its 
surface. This wind could be the site where the r-process occurs [35J. Our 
present understanding of neutrino-driven winds was summarized in Ref. 
[35] . Significant input from nuclear physics is also needed in r-process nu- 
cleosynthesis calculations [37] , 

Whether the core-collapse supernovae are sites for the r-process nucle- 
osynthesis or not, they are very much neutrino-dominated dynamical sys- 
tems [38J. Recently much progress in understanding such supernovae took 
place. In particular, development of two- and three-dimensional models re- 
vealed a complex interplay between turbulence, neutrino physics and ther- 
monuclear reactions \39 \ \40 \ I3T] . The sheer number of neutrinos emitted in 
the cooling of the proto-neutron star (~ 10 58 ), uniquely characterizes core- 
collapse supernovae as venues where neutrino-neutrino interactions could 
play a dominant role. Such collective neutrino oscillations were extensively 
studied [32J [33] . They could significantly impact r-process nucleosynthesis 
yields [33J |3S]. 
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Part of the research program with rare ion beams is to understand the 
r-process. One of the physics goals is studying beta-decays of nuclei both at 
and far-from stability: One needs half-lifes at the r-process ladders (N=50, 
82, 126) where abundances peak and accurate values of initial and final state 
energies. Both of those goals can be achieved with direct measurements 
using rare ion beams. In general understanding the spin-isospin response of 
a broad range of nuclei to a variety of probes is crucial for not only for the 
r-process nucleosynthesis, but also for many other astrophysics applications. 
Much progress was made in measuring matrix elements of the Gamow- Teller 
operator af between the initial and final states using inverse kinematics [46J. 

3.3. Electric dipole moment 

Searching for the time-reversal violating permanent electric dipole mo- 
ments of nuclei is among the fundamental symmetries tests that can be car- 
ried out with rare ions. It was noted some time ago that mixing of nearly 
degenerate opposite-parity ground-state doublets in deformed nuclei could 
lead to electric dipole and magnetic quadrupole moments [37). For example 
reflection asymmetric, octupole deformed long-lived odd-mass isotopes of 
Rn, Fr, Ra, Ac and Pa may posses enhanced electric dipole moments |48| . 
In particular one expects a fairly large Schiff moment for the nucleus 225 Ra 
[49j . Clearly there are many experimental opportunities for exploiting rare 
isotopes in such novel symmetry tests. Successful experiments in this realm 
would significantly broaden the scientific base of the rare isotope facilities 
establishing a bridge to the atomic and particle physics. 

4. QCD and nuclear physics 

Quantum chromodynamics (QCD) provides a theoretical framework for 
understanding how strongly- interacting matter behaves. Even though it is 
sometimes more convenient to use a phenomenological description of the 
nuclear properties, one expects that a proper description of the nuclear 
physics will eventually connect to the QCD. Already, as described in the 
preceding paragraphs, effective theories which characterize the low-energy 
behavior had much success in nuclear structure physics. 

Experiments with relativistic heavy ions explore the dynamics of nuclear 
collisions at energies much higher than those so far addressed here. It is easy 
to experimentally demonstrate that nuclear collisions at high energies are 
not simply a superposition of nucleon collisions (see e.g. Ref. [50]). One may 
imagine describing such collisions using Glauber theory. However, Glauber 
formula and its extensions represent multiple scatterings in the target, but 
do not take into account the emergent properties of the quark-gluon system 
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for which there are strong experimental hints. A better formulation would 
enormously help cosmic ray physics. 

Experiments at the relativistic heavy ion collider indicate that the quark 
gluon plasma behaves like a strongly-coupled perfect liquid rather than a 
weakly-coupled plasma as one would naively expect from the weak-coupling 
limit of the QCD. (For a recent summary of the experimental landscape see 
|51j). Shear viscosity is the force per unit area created by a shear flow with 
a transverse gradient. A "good" fluid would have a small viscosity. Using 
the uncertainty relation, one can argue that there has to exist a lower limit 
on viscosity [52]. It is possible to show that, at least in the strong coupling 
limit of N=4 super symmetric QCD, the viscosity normalized to the entropy 
density is rj/s = h/ {kirks), where fee is Boltzman's constant [53], equal to 
the lower limit conjectured from the uncertainty principle arguments. (A 
more comprehensive discussion is given in Ref. [5__] ) • Theoretical analysis of 
the recent measurements of the viscosity at relativistic heavy-ion collisions 
[55| 156] [57] suggests that the observed value is very close to this lower limit 
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